We investigated the effects of the androgenic growth promoter 17b-trenbolone (17bTB) on adult Japanese quail (Coturnix japonica) exposed across three generations. The F0 generation was exposed after sexual maturity to 0, 1, 5, 10, 20, and 40 ppm through feed. The F1 generation was exposed in ovo by maternal transfer and through feed at the same doses as their parents. The F2 generation was exposed in ovo only. Levels of plasma sex steroids, gonadal Cytochrome P450 aromatase (CYP19A1) mRNA and select brain neuroendocrine peptide mRNAs were measured. In males, testosterone levels did not differ in any generation from those in controls. Estradiol was significantly elevated in 17bTB treated F0 and F1 males. In F0 and F1 females, testosterone was suppressed by 17bTB, whereas estradiol was significantly higher at 40 ppm in F0 and at 10 ppm in F1 females. CYP19A1 expression in F1 males and females increased suggesting a compensatory response to the androgenic effects of 17bTB. Few significant effects were observed in the F2 birds indicating that in ovo exposure had limited effects on the monitored endpoints. Overall, our results confirmed endocrine disrupting effects of dietary 17bTB in Japanese quail but the response was dependent on sex, developmental stage at initiation of exposure, and dose.
, thereby resulting in inappropriate maturation and reproductive function (Mueller and Heger, 2014) .
Trenbolone is a widely used growth promoter in livestock in the United States and is a common contaminant of soils and receiving waters at confined animal feeding operations (CAFOs) (Khan et al., 2008; Schiffer et al., 2001) . In cattle, trenbolone acetate (TBA) is rapidly hydrolyzed to the potent androgen receptor (AR) agonist 17b-trenbolone (17bTB), which is oxidized to trendione, and then reduced to the much less potent 17a-trenbolone (Schiffer et al., 2001) . Trenbolone metabolites and other steroidal compounds are found in effluent and runoff from CAFOs and CAFO waste applied as fertilizer (Khan et al., 2008; Webster et al., 2012) , raising concerns about release to nearby soil and water bodies and subsequent detrimental effects on wildlife. Reported levels of 17bTB in various matrices surrounding CAFOs range from 0.18 lg/1 in wastewater lagoons used for irrigation (Khan and Lee, 2012) , 3.16 0.4 ng/g-dw in fresh manure (Webster et al., 2012) , 0.5-0.9 ng/g-dw in surface soils from CAFO pens (Webster et al., 2012) , and 3.3-162 ng/l in drainage from fields receiving animal wastes (Gall et al., 2011) .
A number of studies have investigated the endocrine disrupting effects of trenbolone in vertebrates and indications of interference with the HPG axis have been reported in several species (Hemmer et al., 2008; Schultz et al., 2013; Yarrow et al., 2011) . Trenbolone interacts directly with ARs in peripheral tissues to initiate cellular responses similar to those stimulated by testosterone (T), but unlike T, it cannot be aromatized (Wilson et al., 2002) . Cross-generational effects from parental 17bTB exposure have been reported in non-avian species and include delayed embryonic development in fish (Schultz et al., 2008) and delayed puberty, increased external genital malformations and the presence of male prostatic tissue in female rat offspring (Hotchkiss et al., 2007) . Studies have also demonstrated that long-term dietary treatment of mammals with TBA adversely affects reproduction (JECFA, 1988 (JECFA, , 1990 .
Few studies have investigated the effects of trenbolone exposure in birds. Juvenile turkeys (Meleagris gallopavo), exposed to elevated (mg) doses via implantation, suffered from disrupted calcium metabolism, resulting in deformed tarsometatarsal bones (Ranaweera, 1981; Wise and Ranaweera, 1981) . In Japanese quail (Coturnix japonica), egg-yolk injections of 5 and 50 lg TBA during early development significantly disrupted development of secondary sex characteristics, the bursa of Fabricius and the immune system, and delayed sexual maturation and onset of mating behaviors (Quinn and Ottinger, 2006; Quinn et al., 2007a, b) , indicating that maternal exposure to trenbolone could affect a range of physiological functions in offspring. A preliminary study of reproductive functional endpoints in Japanese quail conducted in our laboratory found that dietary exposure of adults for six weeks to 20 ppm 17bTB caused earlier onset of foam production in males and reduced the number of maturing yellow yolk follicles and overall egg production in females (Henry et al., 2012) . However, these studies in birds were limited to a single generation. No studies to date have investigated the effects across multiple generations in birds from dietary intake, a more likely exposure route for wild birds, and no data were available at the onset of the present study on field-relevant exposure levels for any bird species.
The current study aimed to provide general understanding of the effects of androgenic chemicals on the avian reproductive system and was conducted using procedures outlined in an early draft of the U.S. EPA Endocrine Disruptor Screening Program Test Guidelines for Avian Two-Generation Test (U.S. EPA, 2015) . We exposed three consecutive generations of Japanese quail to 17bTB through diet (F0), by diet and maternal deposition (F1), and by maternal deposition only (F2). In order to understand the physiological mechanisms by which 17bTB may affect Japanese quail and to evaluate the condition of the HPG axis under long-term continuous exposure to trenbolone, we monitored circulating steroid concentrations and examined expression of genes encoding hypothalamic-pituitary peptide hormones and gonadal aromatase (CYP19A1). We hypothesized that 17bTB would disrupt the overall balance between androgens and estrogen in exposed quail and interfere with their reproductive functions. Effects on the adult HPG axis were predicted to be aggravated in later generations because of a prolonged exposure time as well as exposure during critical early developmental stages.
MATERIALS AND METHODS

Animal Husbandry and Trenbolone Exposure
All procedures involving the handling of animals were reviewed and approved by the USGS Patuxent Wildlife Research Center's (PWRC) Animal Care and Use Committee, Laurel, MD and the Institutional Animal Care and Use Committee at Virginia Tech, Blacksburg, VA. Detailed information on husbandry is provided in the Supplementary Data (SD) file. Gamebird Ration (Cargill # 108564-W; !27% protein, !2.5% crude fat, 3.8% crude fiber, 1.0% calcium) containing 0, 1, 5, 10, 20, or 40 lg/g feed (equivalent to 0, 0.14, 0.71, 1.40, 2.78, or 5.12 lg 17bTB/g body weight/ day) of 17bTB (CAS 10161-33-8; Sigma, St. Louis, MO, USA) was prepared by Wildlife International Ltd. (Easton, MD, USA). Calcium was supplemented to 3% in the diet to meet the minimum required for breeding quail. Levels of 17bTB in feed were verified by the US Army Public Health Command, Directorate of Laboratory Sciences (Aberdeen, MD, USA) using HPLC-UV. Recoveries averaged from 102.1% to 109.9% of nominal values.
A total of 96 healthy, compatible, unrelated, and actively breeding Japanese quail pairs from the PWRC colony were randomly selected for the F0 generation. F0 pairs were randomly assigned to a treatment group (n ¼ 16 pairs/group). F0 birds received dosed feed daily ad libitum beginning at 6.1 weeks of age until sacrifice and remained reproductively active throughout the study. Eggs collected from the F0 pairs 7-8 weeks after treatment initiation (adult age ¼ 13-14 weeks) were incubated and hatched to generate the F1 generation. F0 birds were euthanized at 17-18 weeks of age by decapitation. F1 quail received feed containing the same level of 17bTB as their parents from day 1 post-hatch. F1 birds were paired when 90% of control birds exhibited foam production or egg laying (9.3 weeks) and remained paired. Eggs collected during weeks 13-14 of age were incubated to generate F2 hatchlings. F1 pairs were euthanized at 17 weeks of age. F2 hatchlings were housed in separate brooder pens according to their parental treatment group but all received control feed (basal diet). F2 pairs were paired at 8 weeks and euthanized at 13 weeks of age. Egg production was monitored daily.
Tissue Collection and Plasma Analysis
Trunk blood (ca. 1.5-2 ml) was collected at necropsy in heparinized tubes and plasma was isolated and stored at À20 C until hormone analysis. Brain and gonads were removed immediately, placed in RNALater (Life Technologies, Grand Island, NY, USA) solution, refrigerated overnight at 4 C, and then frozen at À20 C until analysis. Plasma testosterone (T) concentrations were measured by ELISA (DRG V C Testosterone ELISA Kit, cat# EIA-1559; DRG International, Mountainside, NJ, USA) with minor modifications of the manufacturer's protocol. Duplicate aliquots for each sample were used for the assay. Equal volumes of plasma (75 ll for females and 25 ml for males) and enzyme conjugate solution were mixed in the wells of an antibodycoated microplate and incubated at room temperature for 90 min. The mixture was then discarded and the plate was washed using the wash solution included in the kit. Substrate solution (200 ml) was added to the wells and incubated for 20 min. The reaction was stopped by the addition of stop solution and the optical density of each well was read at 450 nm. A standard curve was prepared with each run and fit using a 4-parameter sigmoid minus curve. T concentrations were calculated by interpolation. The assay was validated prior to sample analysis to determine detection limit and assess accuracy, precision, and parallelism to identify any matrix effects (none). Mean intra-and inter-assay coefficients of variation (CV) were 10.9% and 16.3%, respectively, mean percentage recovery of spiked plasma was 112%, and the detection limit was 0.23 ng/ml.
Plasma estradiol (E2) concentrations were determined using a commercial saliva E2 ELISA kit (High Sensitivity Salivary 17b-Estradiol Enzyme Immunoassay kit, Cat. # 1-3702, Salimetrics, State College, PA, USA). The assays were performed following manufacturer's protocol with a few modifications in the preparation of standards and test samples. Quail plasma samples were diluted 1:10 with assay diluent (30 ml quail plasma into 270 ml assay diluent). All standards and controls were prepared to contain 10% charcoal stripped chicken plasma (Bioreclamation, LLC, Hicksville, NY, USA) in the final mixture to be consistent in components with the diluted plasma samples. Duplicate aliquots of each standard, control, and sample were used for the assay. In each well of an antibody coated plate, 100 ml of diluted plasma sample were mixed with equal volumes of enzyme conjugate solution and incubated for 2 h at 20-23.3 C. The contents were then discarded and the plate was washed using the wash solution included in the kit. Substrate solution was added to the wells and the plate was incubated for another 30 min before the reaction was stopped by the addition of stop solution. Optical densities at 450 nm and 630 nm (reference) were recorded. A standard curve was generated for each run using 4-parameter sigmoid minus curve fit, and E2 concentrations of the samples were calculated by interpolation. The assay was validated as described above prior to sample analysis: mean intra-and interassay CVs were 3.49% and 5.78%, respectively, mean percentage recovery of spiked plasma was 85%, and the detection limit was 0.03 pg/ml. The ratio between E2 and T (E/T) was calculated based on the determined concentrations.
Total RNA Isolation and Analysis
Total RNA was extracted from the gonads (n ¼ 12-15 per treatment group per generation) using the following procedure: a 30-60 mg piece of tissue was homogenized at 4 C using a Bullet
Blender (Next Advance, Inc., Averill Park, NY, USA) for 1-4 min in an RNase-free microcentrifuge tube containing 600 ml RNAzolRT solution (Molecular Research Center, Inc., Cincinnati, OH, USA) and four 1.6 mm stainless steel beads. The homogenate was incubated for 5 min on ice and then centrifuged at 13 000 Â g for 5 min at 4 C. A 500 ml aliquot of the supernatant was transferred to a new tube and mixed with 200 ml RNase-free water (Qiagen).
The mixture was allowed to stand at room temperature for 15 min before centrifuging at 12 000 Â g for 15 min at 4 C. A 500 ml aliquot of supernatant was transferred to a new tube, mixed with 200 ml 75% ethanol (Sigma, St. Louis, MO, USA) by vortexing and incubated at room temperature for 10 min. The solution was then loaded onto an RNeasy Mini spin column (RNeasy Mini Kit, Qiagen, Valencia, CA, USA) for RNA binding and collection. Washing, on-column DNase I treatment, and elution of the RNA were performed following the manufacturer's protocols for the Qiagen RNeasy Mini Kit and the DNase I kit (Qiagen). RNA samples were stored at À80 C until analysis.
Total RNA was isolated from the hypothalamic-pituitary region of the brain (n ¼ 5-7 per treatment group per generation). RNAlater preserved brains were placed on a sheet of aluminum foil over dry ice for 30-45 s or until the brain was frozen solid. The hypothalamic-pituitary region was excised using a 2 mm Heath Curette (Roboz Surgical Instrument Co., Gaithersburg, MD, USA). The tissues were then weighed and total RNA was isolated following a modification of the procedure described above. Volumes of all reagents for RNA isolation were adjusted to account for the small tissue size (<10 mg). Total RNA concentration and A260/A280 were determined by NanoDrop spectrophotometry (Thermo Scientific, Wilmington, DE, USA). RNA quality was assessed visually by gel electrophoresis using the Northern-Max-Gly Sample Loading Dye protocol (Life Technologies).
Expression of FSH, GnIH, LH in the Brain and CYP19A1 in the Gonads
Expression of FSH, GnIH, and LH mRNA in brain and CYP19A1 in gonads was analyzed by reverse transcription quantitative PCR (qRTPCR).
Total RNA from testes (750 ng RNA) and ovaries (800 ng RNA) was reverse transcribed into cDNA using the SuperScript III First-Strand Synthesis System (Life Technologies) following the manufacturer's instructions. Total RNA from brain samples (187.5 ng RNA) was reverse transcribed using the GoScript Reverse Transcriptase kit (Promega, Madison, WI, USA), following the manufacturer's instructions. Equal volumes (1 ll) of oligo (dT) and random hexamer primers were included in all reactions.
qRTPCR (20 ll) was run on a RotorGene 6000 thermal cycler (Corbett Robotics, Sydney, Australia) using the GoTaq qPCR Master Mix (Promega). Each sample was serially diluted to the appropriate primer-specific concentration and analyzed in duplicate. Quality assurance included no template controls and no reverse transcriptase controls. The absence of nonspecific PCR products was verified by melt curve analysis. Three interplate calibrators, consisting of three different mixtures of cDNA from 5 randomly selected study samples each, were used to compensate for the variation between qPCR runs (Hellemans et al., 2007) . Cycling conditions for CYP19A1 were 2 min at 95 C denaturation/polymerase activation, followed by 40 cycles of 3 s denaturation at 95 C, 30 s of combined annealing and extension at 62 C, and 2 s of acquisition at 72 C. Cycling conditions for LH were 2 min at 95 C denaturation/polymerase activation, followed by 50 cycles of 10 s denaturation at 95 C, 15 s of annealing at 55 C, 30 s of extension at 72 C, and 2 s of acquisition at 83 C.
Cycling conditions for FSH were 2 min at 95 C denaturation/polymerase activation, followed by 45 cycles of 10 s denaturation at 95 C, 15 s of annealing at 62 C, 30 s of extension at 72 C, and 2 s of acquisition at 80.5 C.
Primers were designed using Geneious Pro 5.1 (Biomatters, http://www.geneious.com). For the genes of interest (GOI), primers were based on Japanese quail mRNA sequences acquired from Genbank (Supplementary Table 1 ). Assay optimization/ validation included primer specificity analysis using BLAST, gel electrophoresis of PCR products, melt curve analysis, annealing temperature, acquiring temperature and primer concentration optimization, and analysis of cDNA serial dilutions for each primer pair to calculate nominal reaction efficiency. mRNA levels for the GOI were expressed relative to 2 or more reference genes. For each tissue type, up to 8 commonly used references genes (Supplementary Table 2) were tested and reference genes selected using GeNorm (Vandesompele et al. 2002) . The genes for which Japanese quail sequences were not available, were initially amplified from cDNA by PCR using primers designed for the corresponding chicken mRNA sequences (Supplementary Table 3) . These fragments were then sequenced, compared with chicken sequences to confirm their identity, and used to design primers for qRTPCR. Sequences were submitted to Genbank. Based on the GeNorm analysis, we selected HPRT1, TBP, and YWHAZ as reference genes for testes, PPIA and HPRT1 for ovaries, and TBP and EEF1A1 for brain. Cycling conditions for the reference genes were: 2 min at 95 C denaturation/polymerase activation, followed by 40 cycles of 3 s denaturation at 95 C, 30 s of combined annealing and extension, and 2 s of acquisition (Supplementary Table 2 ). The Comparative Quantitation function included in the RotorGene software was used to determine the take-off point (equivalent to the Quantification Cycle: Cq) at which the exponential phase of amplification begins (Herrmann, 2002; McCurdy et al., 2008) . We calculated the reaction-specific efficiencies for each sample and primer pair using this program and used the mean amplification efficiency for all samples per run for each gene in our calculations (Tichopad et al., 2003) . Relative quantities for each generation were calculated using the mean Cq for the control samples of each sex as the calibrator. mRNA levels were normalized to the reference genes and relative quantities (RQ) for each generation were calculated using the mean for the control samples of each sex as the calibrator. All qPCR data were processed (efficiency corrected, interplate calibrator corrected, reference gene normalized, and relative quantities calculated) using Genex Version 5.3.2 (MultiD Analyses AB, Germany). Reference gene expression was invariable across the treatment groups and no amplification was observed in no template or no RT controls.
Statistical Analyses
Residuals for continuous data were tested for normality (normal probability plots) and homogeneity of variances. Data were log transformed (T-all females and males; E/T-all males) if one of the assumptions was violated and re-tested to confirm the effectiveness of the transformation. All gene expression data were log base-2 transformed prior to analysis (Hellemans and Vandesompele, 2011) . Data for which the absolute value of the standardized residual was greater than 3 were considered outliers. Egg production (# eggs per laying hen) over a two-week period was compared between dose groups using a generalized linear model (GLM) with a quasi-poisson error distribution (R version 3.2.3). For F0 and F1, we analyzed egg production at the time during which eggs were collected to form the next generation (weeks 13 and 14 of age). For F2, we examined the two week period immediately preceding necropsies (weeks 11 and 12 of age).
We used a Generalized Additive Model (GAM) to model the dose-response relationship (mgcv, R version 3.2.3) and generated a dose-response curve using ggplot2 (version 2.1.0) for each hormonal and gene expression endpoint. GAMs are a nonparametric extension of GLMs, used when one has no a priori reason for choosing a particular response function (Thuiller et al., 2003) . Significance of the model was assessed using a Wald-type test (Wood, 2012) . If the GAM was found to adequately describe the relationship between treatment and the biomarker (P < .05), we statistically compared between doses using the 95% confidence interval (a ¼ 0.05) of the GAM modeled response. If the 95% confidence intervals for two concentrations did not overlap, biomarker levels were considered statistically different from one another at P < .05 (Cumming and Finch, 2005) .
RESULTS
Egg Production
Egg production per laying hen in the F0 birds showed a distinct negative trend with dose and was significantly reduced at 10 (P ¼ .009), 20 (P < .0004), and 40 ppm (P < .0000) (Figure 1 ). In the 40 ppm dose group of the F0 generation, productivity was too low to populate the F1 generation. In the F1 generation, egg production also showed a negative trend and was significantly reduced at 5 (P ¼ .020), 10 (P < .0000), and 20 ppm (P < .0000) (Figure 1 ). Only 5 of 12 hens at the highest dosed group in the F1 generation (20 ppm) laid eggs, which resulted in only enough offspring to form 5 pairs in the F2 generation. No differences in egg production were observed in the F2 birds (Figure 1 ).
Plasma Steroid Hormone Concentrations
Summary statistics for steroid hormone levels are provided in Supplementary Tables 4 and 5 . Dietary trenbolone treatment altered plasma steroid concentrations in both males and females. GAM analysis indicated significant treatment effects on E2 levels in all females (F0 P ¼ .01, F1 P ¼ .021, F2 P ¼ .024). F0 females exhibited little change in plasma E2 levels through 20 ppm (Figure 2) . At 40 ppm, plasma E2 levels were significantly higher than in controls. F1 females exhibited increasing plasma E2 through 10 ppm followed by a slight decrease at 20 ppm (Figure 2) . The dose-response curve indicated that levels at 10 ppm were significantly higher than those observed in F1 control females. In F2 females, the dose response curve showed a positive trend (Figure 2) , although no significant differences in plasma E2 were observed between doses.
In males, the dose response curves showed positive relationships between E2 and trenbolone dose in both F0 and F1 birds (P < .0001). Dose response plots for F0 and F1 (Figure 2 ) males showed that E2 levels at 5 ppm and greater were significantly higher than those in the controls (P < .05). No significant dose response relationship was observed between plasma E2 levels and trenbolone doses in F2 males (Figure 2 ).
Significant dose-response relationships between trenbolone and plasma T were detected in females but not in males ( Figure  3) . F0 females exhibited a negative relationship between 17bTB dose and plasma T (P < 0.0001). Plasma T steadily decreased with dose, and levels at 10, 20, and 40 ppm were significantly lower than those in controls. A similar negative trend in plasma T was observed for F1 females, but the GAM was not statistically significant. In F2 females, GAM analysis indicated a significant positive trend in plasma T with trenbolone dose (Figure 3 ; P ¼ .0110). Only the 20 ppm group had significantly higher plasma T than controls. In males, no significant relationships between plasma T and trenbolone dose were identified in any generation (Figure 3 ). E/T ratios were calculated for all generations. The GAM for both F0 and F1 females revealed a significant positive relationship between E/T ratio and trenbolone dose (F0 P ¼ .0001, F1 P ¼ .001; Figure 4 ). Both curves resembled the corresponding curves for plasma E2. The E/T ratios at 20 and 40 ppm in F0 females and at 10 and 20 ppm in F1 females were significantly higher than in control birds. In F0 and F1 males, the dose response curves (Figure 4 ) exhibited positive, nearly linear relationships between the E/T value and trenbolone dose (F0 P < .0001, F1 P ¼ .0044). The E/T ratios at 10, 20, and 40 ppm in F0 males and at 10 and 20 ppm in F1 males were significantly FIG. 1. Egg production (# eggs per laying hen) recorded for 14 days at 13-14 weeks of age for F0 and F1, and 11-12 weeks of age for F2. For the F0 and F1 generations, this corresponded with the time at which eggs were collected to form the subsequent generation. For the F2, this period occurred just prior to necropsy. GLM with quasiPoisson error distribution was used for analysis. *P < .05, **P < .01, ***P < .001.
FIG. 2.
Dose-response curves for plasma estradiol concentrations in adult quail exposed to 17b-trenbolone. Gray shading marks the 95% CI. * indicates significant difference from the controls at P < .05.
higher than in controls. No significant relationships were observed between E/T ratios and trenbolone dose in either F2 females or F2 males.
CYP19A1mRNA Levels in Gonads
The dose response curve for gonadal CYP19A1 exhibited significant treatment effects for F0 (P ¼ .015) and F1 females (P < .0001) but not F2 females ( Figure 5 ). For F0 females, the dose response curve indicated an increasing trend in CYP19A1 levels with trenbolone dose but the differences were not statistically significant at any dose. In F1 females, significantly higher CYP19A1 expression was observed at 5, 10, and 20 ppm than in controls ( Figure 5 ).
In males, the GAM generated a significant dose response curve only in the F1 generation ( Figure 5 ; P ¼ .004). The F1 male dose response curve was similar to the F1 female curve, with increasing CYP19A1 mRNA expression up to 10 ppm before decreasing slightly. Significantly increased CYP19A1 expression FIG. 3. Dose-response curves for plasma testosterone concentrations in adult quail exposed to 17b-trenbolone. All data were log transformed. Gray shading marks the 95% CI. * indicates significant difference from the controls at P < .05.
FIG. 4.
Dose-response curves for relative ratio of plasma estradiol versus testosterone. Male data for all three generations were log transformed to satisfy the conditions for the statistical analysis. Gray shading marks the 95% CI. * indicates significant difference from the controls at P < .05.
was observed at 5 and 10 ppm. No significant treatment effects on CYP19A1 expression were observed for F0 or F2 males.
Gene Expression in the Hypothalamic-Pituitary Region
GAM analysis generated a significant dose response curve for FSH mRNA expression only in F1 females (Figure 6 ; P ¼ 0.02). Despite the negative trend in FSH mRNA with increasing dose in this generation, no significant differences in expression were identified between controls and dosed birds. We observed no effects of trenbolone on expression of GnIH or LH in either sex of the three generations.
DISCUSSION
Previous studies on the effects of 17bTB have focused primarily on fish and mammals and have reported varied effects on endocrine endpoints, depending on species, sex, dose, length, and timing of exposure. To the best of our knowledge, effects of exposure to trenbolone on molecular and hormonal indicators FIG. 5. Dose-response curves for CYP19A1 mRNA levels in gonads of adult quail exposed to 17b-trenbolone. The RNA levels are expressed as fold change (log2) over the mean level in controls. Gray shading represents the 95% CI. * indicates significant difference from the controls at P < .05.
FIG. 6. Dose-response curves for FSH mRNA levels in the hypothalamic-pituitary region of the adult quail brain. The RNA levels are expressed as fold change (log2) over the mean level in controls. Gray shading represents the 95% CI. In all three generations, n ¼ 5 for each treatment group in each sex.
of endocrine effects and egg production have not been reported previously in birds.
Circulating Hormones and Gonadal Gene Expression in Males
Similarly to what has been reported in fish (Ankley et al., 2003; Ekman et al., 2011) and in our preliminary study (Henry et al., 2012) , we observed no difference in circulating T between controls and dosed males from any generation. This contrasts with previous observations in Japanese quail exposed to the androgen 17a-methyltestosterone (MT) (Selzsam et al., 2005) . Unlike MT, trenbolone is nonaromatizable and cannot influence the estradiol-based feedback response at the hypothalamicpituitary level through its aromatization to E2. Therefore, the primary effects of trenbolone on the HPG axis would be indirect, either by adjustment of T metabolism in peripheral tissues or through receptor-mediated processes. Although we observed no differences in circulating T between dosed and control birds, F0 and F1 males showed significantly higher circulating E2 and E/T in most treatment groups, as was reported by Ankley et al. (2003) and Ekman et al. (2011) for male fathead minnows. This suggests that 17bTB-exposed males require more E2 to restore the ratio of estrogens to total androgens (endogenous plus exogenous), which is essential for normal testicular function and reproduction (Leska et al., 2015) .
The source of the increased E2 in the male quail is unclear. The lack of correlation between testicular CYP19A1 and E2 responses in the birds suggests either a non-gonadal source of the elevated plasma E2 and/or temporal separation between testicular CYP19A1 expression changes and plasma hormone levels. Previous studies in birds have reported conflicting results on the role of the testes in circulating E2 levels (Leska et al., 2015; Ottinger et al., 2001; Weil et al., 1999) . Others have implicated the brain as the primary site of estrogen synthesis and the main contributor of circulating estrogens in male songbirds (Schlinger and Arnold, 1991; Silverin et al., 2000) , although previous experiments in Japanese quail found that nonaromatizable androgens have minimal effects on aromatase (AROM) activity in the brain (Balthazart et al., 2009 ). Other metabolic pathways may participate in restoring the balance between androgens and estrogens. For example, testosterone is metabolized to dihydrotestosterone (DHT) in most vertebrates (Wilson, 2001) , and in rats, circulating DHT was suppressed by over 50% following 17bTB treatment (Yarrow et al., 2010) . In Japanese quail, DHT accounts for a significant portion of total androgens released by the gonads (Ottinger and Mahlke, 1984) . A reduction in T to DHT metabolism, potentially through effects on 5a-reductase isozymes, could be an effective mechanism for maintaining T levels for E2 production in quail, while consequently reducing total androgen levels. Transcription of 5a-reductase mRNA is androgen regulated and mediated by the AR (Li et al., 2011) and can be affected by exogenous EACs (S anchez et al., 2013) .
We saw no differences in any endpoints in F2 males, indicating that discontinuing dietary exposure posthatch allowed the HPG axis to adjust hormone levels and related endpoints back to baseline. However, Quinn et al. (Quinn and Ottinger, 2008; Quinn et al., 2007a) demonstrated that exposure to 50 lg TBA in ovo disrupted central nervous system development and/or the HPG axis and affected male reproductive behavior at sexual maturity. Their results suggest that in ovo trenbolone exposure during the organizational phase results in treatment effects that are activated in the adult. If so, evaluation of additional endpoints, including reproductive behavior, and multiple time points post hatch may be necessary to detect effects. Ankley and Villeneuve (2015) demonstrated the dynamics of various biological responses over time in fish exposed to EACs, including trenbolone, and emphasized that identification of significant effects in a particular endpoint is a function of a dose and time of sampling. If monitoring occurs only long after exposure begins, compensatory or adaptive responses that occur in the HPG axis, may preclude the detection of molecular or biochemical changes that occur early in exposure. Nonetheless, these early changes may have significant apical consequences that appear over time.
Steroid Hormone Levels and Gonadal Gene Expression in Females
Not unexpectedly, the responses of female quail to 17bTB differed from those observed in males. In F0 females, circulating testosterone levels were lower in dosed birds than in controls, as has been observed previously in fish and in our preliminary study (Ankley et al., 2003; Ekman et al., 2011; Henry et al., 2012) . Despite the decrease in circulating T, E2 levels and CYP19A1 expression in the trenbolone-exposed F0 females did not differ from controls, suggesting that synthesis of E2 from T in the ovary was maintained or significantly increased (40 ppm) in order to support female reproductive functions. Ankley and Villeneuve (2015) found that this type of compensation, essentially an attempt to return to or maintain physiologically optimal levels, commonly occurs in response to endocrine active compounds.
The lack of apparent effects on E2, however, did not reflect levels of egg production, which, in contrast, were significantly depressed at the three highest doses in the F0 generation.
High levels of circulating T can have negative effects on female reproductive performance in birds, including behavioral changes and delayed egg laying (Ketterson et al., 2005) and strong androgenic chemicals like 17bTB appear to have similar effects. However, the relative ratio of E2 to T reflects the steroid turnover rate and is thought to play a greater role in the differentiation of both endocrine and behavioral components of reproduction than levels of either hormone individually (Ottinger, 1989) . Multiple mechanisms play a role in controlling the E2 to T ratio, including autoregulation of receptors, a paracrine response, or feedback responses within the brain and/or HPG axis (Pfannkuche et al., 2011) . Changes in circulating androgen levels are known to affect androgen receptor densities in the brain (Pfannkuche et al., 2011) and in addition to estrogenrelated feedback mechanisms, circulating androgens play a role in the regulation of hypothalamic and pituitary hormone release (Rosvall et al., 2013) . This shift may also result to some extent from direct effects on relevant metabolic enzymes and not strictly through receptor-mediated or transcriptional mechanisms. Plasma hormone levels are regulated not only by the rate of secretion but also by the rate of removal from the blood through excretion or by enzymatic metabolism (Reinen and Vermeulen, 2015) . Ekman et al. (2011) suggested that in trenbolone exposed female fish, excess androgens (trenbolone þ endogenous) negatively feedback on the HPG axis resulting in suppression of T synthesis and/or release by the gonads. Although the exact mechanisms by which the negative feedback occurs are unclear, data suggest that androgens feedback on the hypothalamus (and possibly the pituitary) by binding ARs and thereby regulating production of gonadotropins (O'Hara et al., 2015) .
Aromatizable androgens also function in this capacity via the ER. Initially, the drop in T in response to 17bTB would likely result in a concomitant drop in E2-contrary to what we observed. This may be a timing effect: the plasma E2 and gonadal CYP19A1 levels that we detected may reflect an adjustment over the course of exposure rather than patterns early in exposure (Ekman et al., 2011 ). An initial drop in CYP19A1 and E2 as T levels dropped in response to perceived excess androgens would then feedback on the HPG to increase E2. An increase in E2 production would necessitate an increase in AROM levels/ activity and CYP19A1 transcription to maintain E2 synthesis from T. Once circulating E2 concentrations returned to optimal levels, a separate negative feedback response may have been triggered in the HPG axis by E2 via ER in the hypothalamus/ pituitary, reducing/inhibiting gonadotropins and thereby attenuating the CYP19A mRNA response by the time of sampling. Chronic exposure to 17bTB potentially creates a struggle between the need to increase E2 and limit circulating androgens, leading to asynchronous, and continuous adjustments in levels of plasma hormones, gonadal hormones, AROM/ CYP19A1, and other steroid-related endpoints.
As was seen in males, the patterns of the hormonal and genomic endpoints in the F1 and F2 females differed substantially from the F0s. The difference in hormone responses between F0 and F1 birds may in part result from the extended exposure in the F1, which would include potential impacts on organizational processes during early development and puberty. This extended exposure of F1 birds to 17bTB may have increased the need for E2 production to support physiological functions under higher androgen levels. The long-term costs of these adaptations to androgen exposure could include adverse effects on fitness (Nichols et al., 2011) . This was observed in females at the highest doses in both the F0 (40 ppm) and F1 generations (20 ppm) and has been observed previously in fish (Ankley et al., 2003) . At these dosages, the HPG axis may no longer be able to mount adequate adaptive responses to maintain homeostasis due to continuous exposure and/or systemic toxicity. Functionally, this premise is supported by the inability of 40 ppm F0 and 20 ppm F1 females to fully populate the subsequent generations due to inadequate egg production. Interestingly, the longer, trans-generational exposure of the F1 females, shifted the toxic dose lower than in F0s, underscoring the potential for greater negative effects from exposures to androgenic contaminants prior to sexual maturation and over multiple generations. Likewise, in the F1 females, egg production was affected at 5 ppm, a dose at which we observed no significant effects on either the hormonal endpoints or CYP19A gene expression. The importance of exposure timing to exogenous androgens on ovarian morphology and function has been previously demonstrated in multiple avian species (Goerlich et al., 2010; Pirsaraei et al., 2008) .
With the exception of increased T and a higher trend in E2 at the highest dose (20 ppm), F2 females exhibited few effects on the monitored endpoints. The higher plasma hormone levels in the 20 ppm F2 females may have been necessary for maintaining reproductive functions, although the small sample size and restricted genetic variability of these birds limits analytical power. Without continued dosing, we were unable to determine whether these F2 birds would show less sensitivity to trenbolone and therefore, like their parents, be able to produce offspring. At doses <20 ppm, sufficient time may have elapsed after exposure ceased, thereby allowing the HPG axis of F2 birds to compensate for any initial imbalance in hormone levels, returning the monitored endpoints and egg production to baseline levels by the time of sampling in adults. Ekman et al. (2011) reported a similar recovery of steroid-related endpoints back to a control-like state in female fish after stopping trenbolone exposure. However, they also noted more sustained alterations in hepatic metabolite profiles, which persisted after removal of the trenbolone. The difference in persistence of various endpoints was also reported by Quinn et al. (2007a) in Japanese quail chicks exposed in ovo by egg injection to TBA.
Together, these results demonstrate that without continuous post-hatch exposure, some endocrine-related endpoints may not reflect embryonic exposure to EACs.
Expression of Peptide Hormone Genes in the Brain
The lack of significant effects on peptide hormone gene expression in male or female brains is consistent with previous studies. A 7-day exposure of Japanese medaka to 17bTB did not affect pituitary expression of LH mRNA or GnRH receptor mRNA in males and females, but significantly increased expression of cGnRH II mRNA in females (Zhang et al., 2008) . GnRH-I levels increased, but not significantly, in adult Japanese quail exposed in ovo to TBA and no significant effect was observed in embryos (Ottinger et al., 2009 ). Although we were unable to measure hypothalamic GnRH expression in our study, the absence of significant effects on GnIH suggest that a prominent response in the hypothalamus was unlikely at the time of sacrifice. Because we did not monitor levels of peptide hormones directly, the relationship between changes at the transcriptional level and circulating or pituitary levels of FSH and LH in response to trenbolone in birds are unclear.
CONCLUSIONS
Our results identified distinct differences in the responses of several monitored endpoints between generations within each sex. Whether these differences result from timing of treatment onset, duration of treatment, or time of sampling is unknown. Although to our knowledge, information on trenbolone levels in wild birds has not been published to date, the higher dose levels used in the current study likely exceed those that would be encountered by birds in the environment based on soil and water concentrations reported near CAFOs (Gall et al., 2011; Webster et al., 2012) . However, the doses used here span a range of effectiveness, allowing a better understanding of the responses of Japanese quail to exogenous androgens. An increased E/T ratio appears to be a shared response in male and female birds exposed to exogenous androgens as demonstrated here and in the study of MT by Selzsam et al. (2005) . Although the affected pathways may differ between the 2 chemicals, this shift is indicative of the animal's ability/attempt to compensate for high androgens through adjustments in the HPG axis or from effects on relevant metabolic enzymes (Ankley and Villeneuve, 2015; Martin-Skilton et al., 2006; Reinen and Vermeulen, 2015) .
The results of this study contribute to the mechanistic understanding of the effects of androgenic compounds on birds, and lend further evidence to the premise that relying on a single, fixed time point for assessing endocrine effects on birds and other organisms may be inadequate for understanding the endocrine effects of a contaminant (Ankley and Villeneuve, 2015) . For example, in the present study, additional sampling time points soon after exposure was initiated in the F0 generation, and soon after hatch and at maturity in the F1 and F2 generations, would have provided information on temporal variation in the hormonal and genomic endpoints and greater insight into potential compensatory responses in the birds. Although exposure to EACs during embryonic development can result in permanent misprogramming of the endocrine and reproductive systems, these effects may not be evident from a one-time examination of hormone or gene expression levels, particularly in an adult that is no longer actively exposed to the EAC (eg, the F2 generation here). This is underscored by the depression of egg production in F0 and F1 females, even at doses that did not show marked effects on the other endpoints. Exposure to EACs during development can negatively influence reproduction in subsequent generations even if effects are not observed in the exposed generation (Bhandari et al., 2015) . The response patterns for many of the endpoints monitored here fluctuate as necessary to maintain physiological function. Therefore, the sampling time selected for a particular endpoint could determine whether or not it is a useful indicator of potential responses to and effects of an EAC.
